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ABSTRACT
One hundred and forty years after his discovery, the Hall effect still deserves attention. If it is well-known that the Hall voltage measured in
Hall bar devices is due to the electric charges accumulated at the edges in response to the magnetic field, the nature of the corresponding
boundary conditions is still problematic. In order to study this out-of-equilibrium stationary state, the Onsager’s least-dissipation principle
is applied. It is shown that, beside the well-known expression of the charge accumulation and the corresponding Hall voltage, a longitudinal
surface current proportional to the charge accumulation is generated. An expression of the surface current is given. The surface currents
allow the Hall voltage to be stabilized at a stationary state, despite, e.g., the presence of leakage of charges at the edges.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0013182
I. INTRODUCTION
The classical Hall effect1 is usually described by the local
transport equations for the charge carriers that takes into account
the effect of the Laplace–Lorentz force generated by a static mag-
netic field. Typically, in a planar Hall device, an electric generator
imposes an electric current~J along the x direction (see Fig. 1), and
the Hall voltage is then measured transversally along the y direction
at a stationary regime, as a function of the magnetic field. The
physical mechanisms behind this effect and the corresponding
transport equations are well-known and are described in all refer-
ence textbooks.
However, the non-equilibrium stationary state of the classical
Hall effect still presents some important technical and conceptual
difficulties while treating the boundary conditions. In contrast to
usual non-equilibrium stationary sates, the presence of the static
magnetic field leads to specific transverse boundary conditions—
the charge accumulation at the edges—that are not imposed
directly by external constraints but by the system itself, according
to the Le Chatelier–Braun principle.2,3
This specificity of the boundary conditions for the Hall effect
has been discussed within a large variety of theoretical models,4–12
but the nature of the charge accumulation at the edges still remains
rather mysterious. Indeed, the discovery of the extraordinary Hall
effect at the turn of the millennium13–15 and the recent develop-
ments about the Hall effect in ferromagnets16,17 or about the
spin-Hall effect18,19 show that 140 years after his discovery, the
classical Hall effect still deserves attention.
For the ideal Hall bar (i.e., with a translational invariance
along x and symmetric edges), the local stationarity condition
~∇ ~J ¼ 0 is not sufficient to define a unique stationary state (see
Appendix A). It is usually admitted that the stationary state corre-
sponds to a vanishing transverse current Jy ¼ 0 along the y axis,20
as claimed in reference textbooks.21–24 The argument invoked is
that an accumulation of electric charges at the edges produces a
transverse electric field Ey that balances the Lorentz force so that
the system reaches “equilibrium” along the y axis.
However, the term “equilibrium” is misleading because the
electric charges at the edges are not static but renewed permanently
in order to maintain a stationary non-equilibrium charge distribu-
tion, typically in the case of charge leakage due to the Hall-voltage
measurement.
It is shown in this paper that the non-equilibrium stationary
state defined by the second law of thermodynamics—through the
least-dissipation principle25–28—is indeed defined by Jy ¼ 0, but with
the generation of a surface current Jx(y) flowing along the x axis (see
Fig. 1) and proportional to the charge accumulation. This is valid as
long as the total power dissipated by the charge leakage at the edges
is negligible with respect to the total power dissipated in the device.29
The demonstration is presented in the following way: the
system is first defined from a non-equilibrium thermodynamic
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point of view in Sec. II. In Sec. III, the minimization of the Joule
power is performed under the electrostatic screening and the galva-
nostatic constraint. A differential equation is obtained, where solu-
tions would necessitate the knowledge of the local boundary
conditions. The use of global constraints—instead of local—allows
the stationary state to be uniquely defined. The expression of the
surface currents is derived in Sec. IV. In Sec. V, the stability of the
stationary state is investigated before concluding in Sec. VI.
II. JOULE DISSIPATION
The system under interest is defined in the context of non-
equilibrium thermodynamics.25–28,30–33 It is a thin homogeneous
conducting layer of finite width contacted to an electric generator
and submitted to a magnetic field (see Fig. 1). We assume that the
device is planar, invariant by translation along the x axis (in partic-
ular, the region in contact to the generator is not under consider-
ation here), and that the two lateral edges are symmetric. However,
it is important to point out that we do not assume local boundary
conditions for the current Jy . In particular, the model takes into
account a possible charge leakage that can be present due to the
Hall-voltage measurements (since any realistic voltmeter has a
finite internal resistance). The power lost by this leakage of electric
charges is assumed to be small with respect to the total power dissi-
pated in the device (in other terms, the voltmeter has a large
enough internal resistance).29 Furthermore, we do not assume a
priori the expression of the continuity equation ~∇ ~J ¼ 0.
Let us define the distribution of electric charge carriers by
n(y) ¼ n0 þ δn(y), where δn(y) is the charge accumulation and n0
the homogeneous density of an electrically neutral system (e.g.,
density of carriers without the magnetic field). The charge accumu-
lation is governed by the Poisson’s equation ∇2V ¼ @2yV ¼  qε δn,
where V is the electrostatic potential, q is the electric charge, and ε
is the electric permittivity. The local electrochemical potential
μ(x, y), which takes into account not only the electrostatic potential
V but also the energy (or the entropy) responsible for the diffusion,








þ V , (1)
where k is the Boltzmann constant and T is the temperature of the
heat bath in the case of a non-degenerate semiconductor or the
Fermi temperature TF in the case of a fully degenerated conduc-
















is the Debye–Fermi length. The invariance along
x gives ∇2 ¼ @2y .
On the other hand, the transport equation under a magnetic
field is~J ¼ σ̂~∇μ ¼ qnη̂~∇μ, with the conductivity tensor σ̂ and
the mobility tensor η̂. In two dimensions and for isotropic material,
the mobility tensor is defined by Onsager relations,25
η̂ ¼ η ηHηH η
 







where η is the ohmic mobility, ηH the Hall mobility (usually pro-
portional to the magnetic field ~H ¼ H~ez), and θH the Hall angle.
The electric current then reads
~J ¼ qnη ~∇μ θH ~ez  ~∇μ
 
(where  denotes the cross
product) or
qnη(1þ θ2H)@xμ ¼ Jx  θHJy , (3)
qnη(1þ θ2H)@yμ ¼ Jy þ θHJx: (4)












The least-dissipation principle states that the current distributes
itself so as to minimize Joule heating PJ compatible with the
constraints. After introducing the galvanostatic constraint
Jx ¼ qn(η@xμþ ηH@yμ), the screening equation [Eq. (2)], and
their respective Lagrange multipliers β(y) and γ(y), the functional to
FIG. 1. Schematic representation of the Hall effect under a static magnetic field
H applied along the z direction, with the electrostatic charge accumulation δn
and surface currents JSx (y) ¼ Jx  J0x at the edges.
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where D is the width of the device. It contains, on the right-hand
side from left to right, the heat power, the galvanostatic constraint,
and the electrostatic constraint. The minimization imposes the van-
ishing of the functional derivatives δFδ(@xμ) ¼ 0, δFδ(@yμ) ¼ 0, andδF
δ(n) ¼ 0, from which we obtain the Euler–Lagrange equation corre-















This is a second order differential equation in Jy and first
order in n, and its resolution—coupled with Poisson’s equation and
transport equations—would need the knowledge of four boundary
conditions. However, a part of these conditions is not imposed
externally but are fixed by the system itself in order to reach the
state of minimum dissipation. Our approach does not consider
them explicitly as the functional equation (5) does not include the
treatment of the discontinuity between the conductor and its envi-
ronment. Indeed, it is possible to find the minimum power dissi-
pated without the aforementioned boundary conditions by taking
into account the global constraints, which are known.
Let us define the width L of the conductor. Due to the sym-
metry of the device and that of the magnetic field (as an axial
vector), we have
Ð
δnst dy ¼ 0, and the total charge carrier density
is constant ntot ¼ 1L
Ð
n dy. For the sake of simplicity, we assume a
global charge neutrality so that ntot ¼ n0. On the other hand, the
global current flowing in the x direction throughout the device is
also constant along x by definition of the galvanostatic condition.
The two global constraints are
ðL=2
L=2
n(y) dy ¼ Ln0 and
ðL=2
L=2
Jx(y) dy ¼ LJ0x , (7)
where J0x is the uniform current density present at zero magnetic
field. The inhomogeneity of the current density along the x axis
(derived below) is then defined by the difference JSx (y) ¼ Jx(y) J0x .
We define for convenience the reduced power:
~PJ ¼ qη(1þ θ2H) PJ ¼
Ð J2xþJ2y
n dy. Let us introduce the Lagrange
multiplayers λJ and λn corresponding to the constraints [Eq. (7)]
so that the functional to be minimized reads now,
~P
Lag
J [Jx , Jy , n] ¼
ð J2x þ J2y
n
 λJ Jx  λn n
 !
dy: (8)















¼ 0()(Jstx )2 þ (Jsty )2 ¼ λn(nst)2, (11)
where the superscript st stands for “stationary.” Using Eqs. (7) and (9)




so that J stx ¼ nn0 J0x [and from Eq. (11), we
have, furthermore, λn ¼ (J0x nst=n0)]. Hence, the minimum is
reached for
Jstx (y) ¼ J0x
n(y)
n0
and Jsty ¼ 0: (12)
It is easy to verify that this state is a solution of the Euler–
Lagrange equation (6), whatever the density distribution n(y). As
shown in Sec. V, this solution is stable. Note also that the usual
stationarity condition ~∇ ~Jst ¼ 0 is verified. Inserting the solution







qn0η(1þθ2H ). These two terms are constant so that the electro-
chemical potential of the stationary state is harmonic: ∇2μst ¼ 0.
The corresponding current [Eq. (12)] is defined as a function of
the charge density n. The solution is hence given by Poisson’s











It is still necessary to know two boundary conditions on the
density n in order to determine the solution. Once again, these
boundary conditions are not explicitly given, but we can use global
conditions instead. The first one is given by
Ð
n dy ¼ n0L, and a
second condition is imposed by the expression of the electric field









jy  y0j dy þ E(1)þ E(1), (14)
whose derivative is nothing but the Poisson’s equation. The cons-
tant E(þ1)þ E(1) accounts for the electromagnetic environ-
ment of the Hall device [E(+1) ¼ 0 in vacuum]. Inserting the
stationary solution (12) and the relation (4) for @yμ gives the final
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jy y0j dy¼ 0,
(15)
where C0 ¼ εq2n0η and CE ¼
ε(E(1)þE(1))
qn0
. The sign of (δnst(y))
(y  y0) is fixed by the sign of θHJ0x meaning that the side where
δnst . 0 is fixed by the direction of the current in x and by the
magnetic field. Using this condition and fixing n0 gives a unique
solution for nst and the surface currents [Eq. (12)] are now fully
determined.
The typical characteristics of the stationary state are plotted in
Figs. 2 and 3. The stationary charge accumulation, voltage, and
chemical potential are shown in Fig. 2. Note that the minimum
power is reached when the voltage V st(y) (plain line in Fig. 2) com-
pensates the charge accumulation nst(y) (dashed line in Fig. 2) in
order to maintain a linear chemical potential μst(y) (dotted line in
Fig. 2) throughout the Hall bar. The surface currents associated
with this state—deduced from Eqs. (15) and (12)—are plotted in
Fig. 3. The calculation is performed for a disordered semiconductor
(typically Ge) at room temperature. The ratio JSx (y)=J
0
x ¼ 103 is
obtained for a current density J0x of the order of 10mA=m
2 and
θH  0:1. The Debye length is typically λD  1 μm.
IV. EXPRESSION OF THE SURFACE CURRENTS
The linearization of Eqs. (13) and (15) when δnst  n0 gives
an analytical solution of the problem. Indeed, the solution of the
linearized Poisson equation reads δn
st
n0
¼ Ae yλD þ Be yλD , where A and
B are constants. The condition of neutrality (
Ð
δnstdy ¼ 0) imposes
that A ¼ B, and we can use the condition [Eq. (15)] to determine
B at y0 ¼ 0,
2θHJ0xC0
n0(1þ θ2H)





λD  eyλD ) yjyj dy ¼ 0, (16)
after linearizing the ln (n=n0) term. Thus, after integration and sim-
plification, we have










2λD þ e L2λD
 
, (17)











λD  e yλD
e
L
2λD þ e L2λD
, (18)
which leads, through the stationary solution [Eq. (12)] Jstx ¼ J0x nn0 ,
to the expression of a surface current JSx (y) ¼ J stx  J0x superimposed
to the galvanostatic current J0x ,







sinh ( yλD )
cosh ( L2λD )
: (19)
For a vanishing screening length λD ! 0 and E(+1) ¼ 0, the
charge accumulation Eq. (18) reduces to Dirac distributions at the
edges of the Hall bar,
q δnst ¼ QS δ y  L
2
 





FIG. 2. Profile of the stationary density nst=n0, voltage Vst, and chemical poten-
tial μst . The sample is confined in the region y [ [ 1, 1], and the straight ver-
tical lines represent the Debye–Fermi length λD. All quantities are
dimensionless, for q=ε ¼ 1. The density nst(y) is a solution of Eq. (13) for
δnst(+ L=2) ¼ +0:1. The electric potential Vst(y) is a solution of Eq. (14) for
V (0) ¼ 0, and the chemical potential μst is calculated from Eq. (1).
FIG. 3. Numerical solutions of Eq. (15) for the surface currents. The five pro-
files of the ratio JSx (y)=J
0
x correspond to increasing values of J
0
x , or equivalently
of the Hall angles θH , while C0 and λD are fixed, and CE ¼ 0.
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At this point, all happens as if the system were at “equilib-
rium” along the y axis, like in a capacitor. When θH  1,
this surface charge +QS at y ¼ + L2 creates a Hall voltage




, and the usual formula for the Hall voltage is






Equations (20)–(22) show that the well-known results pre-
sented in the textbooks are recovered. However, Eq. (19) also
reduces to Dirac distributions at the edges of the Hall bar,





δ y  L
2
 





Accordingly, even for vanishing screening length λD ! 0
with a charge accumulation δnst confined at the surface of the
edges, the corresponding current is still present in the Hall device.
The accumulation of electric charges is permanently renewed,
maintaining a distribution δnst, whatever the details of the local
boundary conditions.
Note that for CE ¼ 0, the surface currents are proportional to




Finally, it is important to verify that the solution defined by
Eq. (12) is regular or stable enough so that the stationary state does
not depend on variations of the local boundary conditions. This is
the case if the system described by the Poisson’s equation and the
solution of Eq. (6) (obtained without fixing local boundary condi-
tions) can converge uniformly to the minimum defined by
Eq. (12). This is indeed the case, as shown below: With a given Jy ,
Jx , and n, let us define ϵy ¼ Jy=n, ϵx ¼ Jx=n J0x=n0, nþ ¼ n nst
[with nst the solution of Eq. (13)], and f (y) ¼ δnn0  λ2D@2y ln ( nn0 ). It
is clear that f (y) tends to 0 when n tends to nst. Furthermore,
Poisson’s equation now reads
@yϵy þ θH@yϵx ¼ f (y): (24)
This equation shows that if both f (y) and ϵy tend to 0, then
ϵx tends to a constant. The galvanostatic constraint shows that this
constant is 0. In the same way, if both ϵx and ϵy tend to 0, then
















f (y) θH @yϵx
  !
, (25)
which shows that if both f (y) and ϵx tend to 0, then ϵy tends to 0.
As a conclusion, despite the fact that the stationary state is
out-of-equilibrium (the charge accumulation δn being not static)
and that it is described per Eq. (6) (where the solution would
necessitate the knowledge of four boundary conditions), this sta-
tionary state is fully determined by Eq. (12), i.e., by the solution of
the Poisson equation. Once again, apart from the surface currents,
all happens as if the system were at equilibrium along the y axis.
VI. CONCLUSION
We have shown that the stationary state of the ideal Hall bar
(planar device, translational invariance along x, and symmetric
edges) with small charge leakage at the edges can be derived from
the principle of least dissipation (i.e., on the second law of thermo-
dynamics) and the global boundary conditions. The stationary state
is defined by a vanishing transverse current Jy ¼ 0, a harmonic
chemical potential ∇2μ ¼ 0, and a longitudinal current Jx(y) pro-
portional to the charge accumulation δn(y) (see Fig. 3). The usual
expression of the continuity equation ~∇ ~J ¼ 0 is recovered.
Accordingly, the stationary state is now characterized not only
by the accumulation of electric charges at the edges—that generates
the Hall voltage like in a simple capacitor at equilibrium—but also
by surface currents confined at the edges.
These surface currents allow the charge accumulation to be
stable so that the Hall voltage is robust to perturbations of the boun-
dary conditions, like that occurring while measuring the Hall voltage.
These currents describe the fact that the accumulation of electric
charges δn is not at equilibrium but is renewed permanently by the
generator. A simple expression of the surface current is given for weak
charge accumulation δn=n0  1 in Eq. (19). The surface current is
predicted to follow a power two of the injected current and is propor-
tional to the magnetic field at low field. The method developed here
can straightforwardly be generalized to the case of sizable charge
leakage at the edges, i.e., to the hybrid case between the Hall bar
geometry and the Corbino disk geometry. Beyond, the method allows
describing devices comprising active interfaces in order to exploit the
surface current (instead of the charge accumulation) for new magnetic
sensors, actuators, or energy convertors at the nanoscale.
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APPENDIX A: TWOFOLD STATIONARY STATE
The goal of the following calculation is to make explicit the
ensemble of states corresponding to the standard local stationarity
condition ~∇ ~J ¼ 0. Taking the divergence of the transport equa-
tion~J ¼ qnη ~∇μ θH ~ez  ~∇μ
 
, we have
~∇ ~J ¼ qη~∇: n~∇μ þ qηθH ~∇: ~ez  ~∇μ : (A1)
Developing the two divergence terms, we obtain
~∇ ~J ¼ qη~∇n:~∇μ qηn∇2μ
þ qηθH n~∇μ: ~∇ ~ez
  ~ez: ~∇ ~∇μ  
þ qηθH ~∇n: ~ez  ~∇μ
 
: (A2)
Note that the two curls in the second line of Eq. (A2) vanish.
Using the symmetry of the Hall bar, the local stationary condition
reduces to
~∇ ~J ¼ qη n@2yμþ @yn @yμ θH@xμ
   ¼ 0: (A3)
The solution @2yμ ¼ 0, @yn = 0, and @yμ ¼ θH@xμ holds. This
state corresponds to Jy ¼ 0 and the stationary state discussed in the
article. However, we can also have @yn = 0, Jy = 0, @2yμ = 0, and
n@2yμ ¼ @yn @yμ θH@xμ
 
: (A4)
It is shown in the article that the condition [Eq. (A4)] does
not correspond to the minimum of the dissipated power compati-
ble with the constraints applied to the system.
APPENDIX B: DIFFERENTIAL EQUATION
In order to investigate the minimum dissipated power compati-
ble with the constraints, we have to study the functional equation (5),
which includes the corresponding Lagrange multipliers β and γ,
F[n, @xμ, @yμ] ¼
ð










In what follows, we will use several forms of the transport
equation~J ¼ qnη̂~∇μ,
Jx ¼ qn(η@xμþ ηH@yμ), (B1)
Jy þ θHJx ¼ qnη(1þ θ2H)@yμ, (B2)
Jx  θHJy ¼ qnη(1þ θ2H)@xμ, (B3)
J2x þ J2y ¼ k~Jk2 ¼ (qnη)2(1þ θ2H)k~∇μk2: (B4)




¼ 0()qnη2@xμþ βqnη ¼ 0 () β ¼ 2@xμ,
δF
δ(@yμ)
¼ 0()qnη2@yμþ βqnηH  @yλ ¼ 0,
(B5)
which, combined with Eq. (B5), gives






















@2y γ  γ
 
after using Eqs. (B5) and (B1).
Now, inserting Eq. (B6) in @2yγ, this last equation becomes






and Eq. (B6) then becomes, with the help of relations (B3) and (B4),































J2y þ 2θHJxJy  J2x
n2
 !
 Jy ¼ 0:
(B8)
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APPENDIX C: ELECTRIC FIELD
The goal of this Appendix is to derive the condition [Eq. (15)]
obtained in Sec. II.
The electric field is determined by Maxwell–Gauss’ law from
the charge density,
~∇ ~E ¼ @xEx|ffl{zffl}
¼0
þ@yEy ¼ qϵ δn,
which can be integrated, relative to a fixed y0, to obtain









By adding these two expressions [and because δn(y) ¼ 0 outside
[‘, þ ‘]], we have
Ey(y0) ¼ Ey(1)þ Ey(þ1) q2ϵ
ðþ‘
‘
δn(y)sgn(y  y0) dy,
where ‘ ¼ L=2 and sgn(y  y0) ; yy0jyy0j. The constant Ey(1)þ
Ey(þ1) may account for the electromagnetic environment of the
Hall device, like a voltmeter. For an isolated conductor under a
galvanostatic constraint, this term vanishes. Using the definitions
μ ¼ n0λ2D qϵ ln ( nn0 )þ V and Ey ¼ @yV , as well as the transport
equation [Eq. (B2)], we then have









¼ Ey(1)þ Ey(þ1)þ q2ϵ
ðþ‘
‘
δn(y)sgn(y  y0) dy: (C1)
Thus, under the main result (Jy ¼ 0, Jx ¼ J0x nn0 ), we obtain the
condition [Eq. (15)] used in the main text,
2θHJ0xC0
(1þ θ2H)n0









sgn(y  y0) dy ¼ 0, (C2)
with C0 ¼ ϵq2ηn0 and CE ¼ ϵqn0 (Ey(1)þ Ey(þ1)).
DATA AVAILABILITY
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
REFERENCES
1E. H. Hall, “On a new action of the magnet on electric currents,” Am. J. Math.
2, 287 (1879).
2P. Ehrenfest, “Das prinzip von le chatelier-braun und die reziprozitätssätze der
thermodynamik,” Z. Phys. Chem. 77, 227 (1911).
3The apparent paradox about dissipative forces produced by a static magnetic
field is an old discussion: see, e.g., E. P. Mosca, “Magnetic forces doing work?,”
Am. J. Phys. 42, 295 (1974);D. C. Gabuzda, “Magnetic force due to a current-
carrying wire: A paradox and its resolution,” Am. J. Phys. 55, 420 (1987).
4M. J. Moelter, J. Evans, G. Elliott, and M. Jackson, “Electric potential in the
classical Hall effect: An unusual boundary-value problem,” Am. J. Phys. 66, 668
(1998).
5L. N. Trefenthen and R. J. Williams, “Conformal mapping solution of Laplace’s
equation on a polygon with oblique derivative boundary conditions,” J. Comput.
Appl. Math. 14, 227–249 (1986).
6D. R. Baker and J. P. Heremans, “Linear geometrical magnetoresistance effect:
Influence of geometry and material composition,” Phys. Rev. B 59, 13927 (1999).
7G. Zhang, J. Zhang, Z. Liu, P. Wu, H. Wu, H. Qian, Y. Wang, Z. Zhang, and
Z. Yu, “Geometry optimization of planar Hall devices under voltage biasing,”
IEEE Trans. Electron Devices 61, 4216 (2014).
8O. Paul and M. Cornil, “Explicit connection between sample geometry and Hall
response,” Appl. Phys. Lett. 95, 232112 (2009).
9T. Kramers, V. Krueckl, E. J. Heller, and R. E. Parrott, “Self-consistent calcula-
tion of electric potentials in Hall devices,” Phys. Rev. B 81, 205306 (2010).
10C. Fernandes, H. E. Ruda, and A. Shik, “Hall effect in nanowires,” J. Appl.
Phys. 115, 234304 (2014).
11D. Homentcovschi and R. Bercia, “Analytical solution for the electric field in
Hall plates,” Z. Angew. Math. Phys. 69, 97 (2018).
12R. Benda, E. Olive, M. J. Rubì, and J.-E. Wegrowe, “Towards Joule heating
optimization in Hall devices,” Phys. Rev. B 98, 085417 (2018).
13S. A. Solin, T. Thio, D. R. Hines, and J. J. Heremans, “Enhanced room-
temperature geometric magnetoresistance in inhomogeneous narrow-gap semi-
conductors,” Science 289, 1530 (2000).
14L. M. Pugsley, L. R. Ram-Mohan, and S. A. Solin, “Extraordinary magnetore-
sistance in two and three dimensions: Geometrical optimization,” J. Appl. Phys.
113, 064505 (2013).
15M. Holz, O. Kronenwerth, and D. Grundler, “Enhanced sensitivity due to
current redistribution in the Hall effect of semiconductor-metal hybrid struc-
tures,” Appl. Phys. Lett. 86, 072513 (2005).
16N. Nagasoa, J. Sinova, S. Onoda, A. H. MacDonald, N. P. Ong et al.,
“Anomalous Hall effect,” Rev. Mod. Phys. 82, 1539 (2010).
17B. Madon, M. Hehn, F. Montaigne, D. Lacour, and J.-E. Wegrowe, “Corbino
magnetoresistance in ferromagnetic layers: Two representative examples Ni81Fe19
and Co83Gd17,” Phys. Rev. B 98, 220405 (2018).
18J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth,
“Spin Hall effects,” Rev. Mod. Phys. 87, 1213 (2015) and reference therein.
19J. Sinova and T. Jungwirth, “Surprises from the spin-Hall effect,” Phys. Today
70(7), 38 (2017).
20In the classical limit considered here, non-dissipative macroscopic currents
(i.e., macroscopic quantum coherent states) do not survive in contrast to that
observed in superconducting materials or 2D electron gas and quantum Hall
effects at low temperature.
21N. W. Ashcroft and N. D. Mermin, Solid State Physics (Holt-Saunders,
Philadelphia, 1976), p. 12 above Fig. 1.3: “In equilibrium this transverse field
(or Hall field) Ey will balance the Lorentz force, and the current will flow only in
the x-direction. Jy ¼ 0.”
22Ch. Kittel, Introduction to Solid State Physics, 8th ed. (Wiley, 2008), Chap. 6,
p. 153 and explicitly p. 499.
23R. S. Popovic, Hall Effect Devices (IOP Publishing, Bristol, England, 2004),
Chap. 3, Eq. (3.7): “from this moment on, the charge carriers again move parallel
to the strip axes, as if only the external electric field were acting on them.”
24S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed.
(Wiley-Interscience, John Wiley & Sons, Inc., 2007), p. 33 below Eq. (62): “Since
there is no net current along the y-direction in the steady state, the electric field
along the y-axis (Hall field) balances exactly the Lorentz force such that the
carriers travel in a path parallel to the applied field Ex .”
25L. Onsager, “Reciprocal relations in irreversible processes II,” Phys. Rev. 38,
2265 (1931).
Journal of
Applied Physics ARTICLE scitation.org/journal/jap
J. Appl. Phys. 128, 054501 (2020); doi: 10.1063/5.0013182 128, 054501-7
© Author(s) 2020
26L. Onsager and S. Machlup, “Fluctuations and irreversible processes,”
Phys. Rev. 91, 1505 (1953).
27S. Bruers, Ch. Maes, and K. Netocný, “On the validity of entropy production
principles for linear electrical circuits,” J. Stat. Phys. 129, 725 (2007).
28L. Bertini, A. De Sole, D. Gabrielli, G. Jona-Lasinio, and C. Landim,
“Minimum dissipation principle in stationary non-equilibrium sates,” J. Stat.
Phys. 116, 831 (2004).
29The “charge leakage” can be huge in comparison with the charge accumula-
tion δn at the edges, while the power dissipated by this leakage remains negligi-
ble with respect to the total dissipation. The case of sizable power dissipated by
the leakage current is discussed in a forthcoming article, which describes the
transition from the Hall-bar geometry to the Corbino disk geometry.
30See Secs. Relaxation Phenomena and Internal Degrees of Freedom in Chap. 10
of S. R. De Groot and P. Mazur, Non-equilibrium Thermodynamics
(North-Holland, Amsterdam, the Netherlands, 1962).
31D. Reguera, J. M. G. Vilar, and J. M. Rubì, “The mesoscopic dynamics of
thermodynamic systems,” J. Phys. Chem. B 109, 21502 (2005).
32J.-E. Wegrowe, R. V. Benda, and J. M. Rubì, “Conditions for the generation of
spin current in spin-Hall devices,” Europhys. Lett. 18, 67005 (2017).
33J.-E. Wegrowe and P.-M. Dejardin, “Variational approach to the stationary
spin-Hall effect,” Europhys. Lett. 124, 17003 (2018).
34The expression is valid for a non-degenerated semiconductor (Maxwellian
distribution). However, in the case of a degenerated metal, the expression is an
approximation for δn=n0  1.
Journal of
Applied Physics ARTICLE scitation.org/journal/jap
J. Appl. Phys. 128, 054501 (2020); doi: 10.1063/5.0013182 128, 054501-8
© Author(s) 2020
